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We present a novel method of generating and retrieving droplets stored in micro-
fluidic grooves or cavity structures. First we designed and fabricated polydimeth-
ylsiloxane microchannels with grooves on the walls and then produced a two-phase
flow of oil and aqueous phases to form aqueous phase droplets in an oil state. We
propose the following three mechanisms of droplet generation: the contact line on
the groove wall continues moving along the wall and descends to the bottom of the
cavity, confining the aqueous phase in the cavity; once the interface between the oil
and aqueous phases moves into the cavity, the interface contacts the top of the
neighboring groove; and a spherical droplet forms at the corner in the cavity due to
surface tension. The viscosity of the oil phase and the surface tension of the inter-
face determine whether a droplet can be generated. Then, we could adjust the
velocity of the interface and the aspect ratio of the cavity to achieve the optimal
conditions for generating the single droplet. We observed that the largest droplet is
stably generated without a daughter droplet at typical values of free-stream velocity
�10 �l /min� and groove pitch 110 �m for all three cases with different oil phases
�20, 50, and 84 cP�. This technique is expected to serve as a platform for droplet-
based reaction systems, particularly with regard to monitoring cell behavior, in
vitro expression, and possibly even micropolymerase chain reaction chambers.
© 2011 American Institute of Physics. �doi:10.1063/1.3567102�

I. INTRODUCTION

During the past decade, a wealth of research has been dedicated to elucidating the flow
characteristics in microchannels and nanochannels for microfluidic systems.1 These devices can
generate, pump, and transport minute quantities of fluids, such as microliter or picoliter droplets.1,2

Microfluidic devices for droplet formation, merging, and transporting have been developed as
fundamental platforms for high-throughput experimentation. Droplet-controlled microfluidic sys-
tems are beneficial for fundamental research fields, such as chemistry analysis, as well as various
forms of applied technology in biology and medical devices, such as lab-on-a-chip technology.2–5

Droplets may be used for applications involving incubation, sorting, storage of biological or
chemical materials in various areas, and droplet-based reactions such as micropolymerase chain
reactions.4,6 Droplet generation in an immiscible state has been diversely studied for liquid-liquid
flows, such as oil-in-water and water-in-oil flows. To date, researchers have largely focused on
many kinds of techniques, one example involving geometrical shapes of T- or Y-junctions and
another based on a flow-focusing method.2,7–11 Both methods benefit from the ease of control
provided by droplet-based systems. Without hydrodynamic techniques, alternative methods are
attracted. The electrowetting on dielectrics �EWOD� technique is generated droplet moving, merg-
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ing, and separating by electrode array.12–14 The surface acoustic wave are manipulated a droplet
which is located inside lab-on-a-chip.15–17 One of the vibrators, an ultrasonic, can generate typical
size of droplets.18,19 However, the task of rapidly generating droplets in cell structures is not easy.

Many researchers have investigated apparent fluid slips due to hydrophobic surfaces in mi-
croscale and nanoscale flows and studied slip length in the microchannels.20–29 Other studies also
investigated nanoscale microchannels.30,31 It has been suggested that nanobubbles entrapped in the
valleys of rough, hydrophobic surfaces affect the slippage of liquid flows in microchannels.32 The
complex behavior of the fluid-solid interaction involves the physical and chemical properties of
the hydrophobic surfaces, particularly the wettability of the solid, the presence of impurities and
dissolved gases, as well as the shear rate, pressure, surface charge, and surface roughness. Due to
these complex interactions, the observed slip lengths range from nanometers to micrometers that
directly measure the slip length in a superhydrophobic microchannel with grooved walls.20 Since
the appearance of the Wenzel33 and Cassie–Baxter34 models 60 years ago, many groups have
investigated how the size and shape of microstructures affect the hydrophilicity and hydrophobic-
ity of different materials.35–38 The Wenzel state refers to a liquid droplet that completely wets the
asperities of a rough surface; the Cassie–Baxter state, on the other hand, refers to a liquid droplet
which is suspended on top of a rough surface and which leaves air pockets inside the rough
structures. It has been noted that liquid droplets on superhydrophobic surfaces can transition from
the higher energy Cassie–Baxter state to the lower energy Wenzel state if they overcome the
energy barrier between the two states by filling the asperities with liquid and forming a more
stable homogeneous interface due to geometric effects or external pressure.

In this paper, we investigate the flow characteristics of two immiscible liquids in a grooved
microchannel with respect to the generation of liquid droplets. Even though the T- or Y-junction
approaches and the flow-focusing methods provide ease of generation and control of uniform
monodisperse droplets, the task of rapidly generating droplets in cell structures is not easy. There-
fore, we suggest a novel method of generating, storing, and retrieving droplets in the cavity
structure between grooves and investigate how the geometry of the grooves and the physical
properties of the fluids, such as viscosity, affect the generation of droplets.

II. EXPERIMENTAL METHOD

A. Fabrication

Silicon groove patterns, which serve as a mold during the polydimethylsiloxane �PDMS�
molding process and generate anisotropic groove surfaces, are fabricated, as shown in Fig. 1, with
a process of lithography and deep reactive ion etching. The details of the fabrication can be found
in a previous work.20 The PDMS microchannel with grooves is bonded to a PDMS flat surface. On
both side walls, grooved structures are created to allow for groove characteristics, and smooth
PDMS surfaces are retained on the top and at the bottom. A soft contact method is used for the
PDMS-PDMS bonding method. The PDMS is mixed with a solvent �Sylgard 184 A & B, Dow
Corning, Inc.� at a volume ratio of 10:1, poured on a patterned substrate, cured for 10–15 min at
95 °C, and then peeled off from the substrate. Another sample of liquid PDMS is poured on a
nonpatterned flat substrate and cured for 20–30 min at 65 °C. The PDMS microchannel is then
bonded to the flat PDMS surface. After being peeled off from the mold master, the patterned
PDMS is bonded with the nonpatterned flat PDMS surface through the application of pressure.
After both parts have been bonded, the device is recured for 4 h at 65 °C.

Table I shows the dimensions of the grooved structures on the microchannel walls, where the
droplets form as a result of the interaction of the aqueous phase and oil flows. In our experiment,
we fixed the microchannel length at 30 mm and the width at 200 �m. The groove had a width of
15 �m, a depth of 20 �m, a height of 45 �m, and a varied pitch of 80–140 �m.
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B. Experimental setup

Figure 2 shows a schematic and a photo of the experimental setup. Included are an inverted
microscope �Nikon Eclipse TE2000, Nikon Co., Ltd.� and a 1380�1040 resolution charge-
coupled device �CCD� camera �Sensicam QE, PCO Co., Ltd.� for acquiring images. A 200 mag-
nification objective lens, whose numerical aperture is 1.515, is used to capture the flow field near
the wall in the microchannel. Simultaneously, the aqueous phase that is used for the wetting
transition experiments consists of a 78:22 �volume ratio� mixture of water and glycerin. For the
droplet generation experiment, aqueous solution �e.g., a mixture of water and glycerin� and oil are
used. Due to the difference of reflective index between aqueous solution and oil, liquid meniscus
is finely visualized at interested section. A precision syringe pump �11 plus, Harvard Co., Ltd.� is
used to deliver liquids at flow rates ranging from 5 to 15 �l /min.

To supply two liquids with an interface between them, we first supply an aqueous phase to a
Teflon tube via a syringe pump. Once the aqueous phase fills the whole microchannel and the
cavities between the grooves, the oil phase is supplied to form an interface. The time required for
complete wetting in the cavities varies in relation to the groove pitches and flow rates. The wetting
transition phenomena occur around 3–6 min later. From the opposite side of the microchannel, we
then connect another syringe pump and supply immiscible oil.

III. RESULT AND DISCUSSION

Liquid on groove surfaces can transition from the higher energy Cassie–Baxter state to the
lower energy Wenzel state; the energy barrier between the two states is overcome when the liquid
fills the asperities and forms a more stable homogeneous interface.35 The Cassie–Baxter state is
strongly related to both the chemical composition and the geometry of the surface. There has been
a significant amount of research on stabilization of the composite interface and formulation of the

TABLE I. Dimensions of groove structure in the microchannel.

The range of pitch: 80-140 �m
Depth ��m� 20
Width ��m� 15
Height ��m� 45
Flow rate ��l /min� 5 10 15

FIG. 1. Fabrication process of groove patterns in a microchannel �left� and top-view of groove patterns �right�.
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transition criteria for steady liquid droplets on the surface. The stability of the composite solid-
air-liquid interface is very important for maintaining the groove in the microchannel. In a previous
study, we observed the wetting transition in a microchannel with grooved structures.20 Parametric
studies were carried out by varying the width �5 and 14 �m�, pitch �12.5–45 �m and
35–126 �m for two width structures, respectively�, and flow rate �2.4–9.6 �l /min�. For the
range of flow rates considered, there was no critical effect of the flow rate on the wetting transition
or the transition time when it occurs. For both microchannels with 5 and 14 �m wide grooves, a
transition occurred when the pitch-to-width ratio was around 8 or 9. When the pitch between the
grooves in the microchannel increased, the pressure difference between the liquid and gas phases
was attributed to the penetration of the meniscus into the cavity.

An aqueous phase and oils are used for the droplet generation experiment. Figure 3 presents
a schematic of our proof of concept in a grooved microchannel where the wetting transition
phenomenon is exploiting. Before the droplet generation, the whole surface of the microchannel
must be wetted. As noted with regard to a wetting transition experiment described in a previous

FIG. 2. A schematic and a photo of experimental setup.

FIG. 3. A schematic of droplet generation in the groove microchannel.
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work,20 the wall is comprised of laterally alternating grooves and cavities. If the pitch between the
microgrooves is small enough and the surfaces are hydrophobic, the liquid does not wet or enter
cavities. When the pitch is large enough, the liquid fully wets the inside of the grooves with an
appropriate flow rate. The factors of groove size, including the pitch and height, which are
necessary for determining the wetting, depend on the liquid-solid interfacial chemistry, the inter-
facial tension between liquid and solid, and the pressure difference between the gas and liquid
phases. If the spacing between grooves is large enough, the liquid fully wets the grooves.

The cavities on the side walls are presumed to facilitate the formation and storage of micro-
droplets if we use two immiscible fluids, such as water and oil. The mechanism underlying our
approach can be briefly summarized as follows. First, a microchannel is filled with sequentially
flowing aqueous and oil phases; the oil replaces the aqueous phase except for a small portion of
the aqueous phase inside the grooves; finally, because of the equilibration of interfacial tension,
stationery aqueous phase droplets are formed in a continuous phase of oil. To investigate the
properties of oil, we evaluated four kinds of oil: commercial olive oil, two silicone oils �DC 200,
Sigma-Aldrich Co., Ltd.�, and Fluorinert FC-3283 �3M Co., Ltd.�. The oils have very different
viscosities �namely, 84, 50, 20, and 1.4 cP, respectively�.

Figure 4 shows the sequential images of the meniscus movement of the olive oil �84 cP
viscosity� and aqueous phases when the groove pitch is 120 �m and the flow rate is 10 �l /min.
The figure depicts the generation of two kinds of droplets: a main drop in the left corner of the
cavity and a partially formed drop, called a daughter drop, in the right corner. When the interface
of the oil-aqueous phase moves and penetrates a cavity on the vertical or horizontal wall, the oil
replaces the aqueous phase in a recirculating zone of the cavity. The insets display the sequential
images of droplet generation at a flow rate of 10 �l /min with a pitch of 120 �m. When the
interface of the two immiscible liquids moves across the cavity between the two neighboring
grooves, the oil phase may replace the aqueous phase in the cavity, isolating the aqueous phase in
a corner or both corners of the cavity and forming a droplet. The isolated aqueous phase volume

FIG. 4. Sequential images of meniscus movement and mechanism of droplet generation.
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directly affects the droplet size, which is determined by the speed of the interface, the geometry of
the grooves, and the physical properties of fluids, such as viscosity and surface tension.

Note that there are three distinct mechanisms of droplet generation. With regard to the first,
the contact line on the groove wall should continue moving along the wall and descend to the
bottom of the cavity, confining the aqueous phase in the cavity; this phenomenon is related to the
viscous force and, consequently, to the viscosity of the oil phase. When the viscosity of the oil
�FC-3283, 3M Co., Ltd.� is low and similar to that of the aqueous phase, as shown in Fig. 5, the
oil phase cannot penetrate the cavity and, as a result, it cannot isolate the aqueous phase or form
any droplets in the cavity. Figure 5 shows the sequential images of interface movements between
two immiscible liquids of the aqueous phase and FC-3283 �3M Co., Ltd.�, the viscosity of which
is only 1.4 cP. Even though the groove pitch �120 �m� and the flow rate �10 �l /min� correspond
with the results reported in Fig. 4, no droplet is generated and only the aqueous phase fills the
cavity. This tendency is mainly due to the low viscosity of the oil, which may prevent the
meniscus from attaching itself to the wall, penetrating along the cavity, and pushing the aqueous
phase into the left corner of the cavity. One report that highlights the importance of the relative
viscosity between the discrete and continuous phases has confirmed that the selection of a more
viscous continuous phase facilitates the formation of droplets for the well-known T- or Y-junction
method and the flow-focusing method.5 Once the interface between the oil and aqueous phases
moves into a cavity and across a groove, as shown in Fig. 4, the interface should make contact
with the top of the neighboring groove, isolating the aqueous phase in the left corner. This contact
and the isolation of the aqueous phase represent the second mechanism; they also determine the
size of each droplet. In the third mechanism, a spherical droplet forms at the corner due to surface
tension.

Similar to this study, the droplets or rings could be generated by contact-line precipitation,
hydrophobic patches, actuated valves, and acoustic waves.39–42 However, these technologies re-
quire the external actuation to generate droplets such as valve operation or power for the acoustic
wave. Moreover, in our grooved microchannel, the droplets could be passively generated and
stored based on the optimized geometry and fluidic condition.

As shown in Fig. 6, we can categorize four modes of droplet generation in the cavities: a
filling cavity mode �no droplet generation�, a main droplet mode, a main droplet and daughter
droplet mode, and a trapping mode. The filling cavity mode represents the case where there is no
droplet generation and, as shown in Fig. 6, the aqueous phase just fills the cavity. Usually this
mode occurs for low viscosity oil. As the viscosity of the oil increases, we can observe the other
three modes of droplet generation. When the interface between the oil and aqueous phases moves

FIG. 5. Sequential images of two immiscible liquids of aqueous phase and low viscosity oil phase �FC-3283, 3M Co.,
Ltd.�.
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into a cavity, the interface reaches a point on the bottom, which is referred to as an attachment
point �AP�. When the interface moves right or left, the aqueous phase is trapped in the grooves. If
the interface moves down along the vertical wall in the cavity and touches the right corner, as
shown in Fig. 6�b�, a large single droplet can be formed; this phenomenon is referred to as the
main droplet mode. When the AP is located at the middle of the bottom wall, the aqueous phase
exists in both the right and left corners and, as shown in Fig. 6�c�, forms the main and daughter
droplets. The size of the daughter droplet depends on the location of the AP. Under some condi-
tions, the AP does not make contact with the bottom when the interface between the aqueous phase
and oil is in contact with the top of the neighboring groove; this behavior isolates the aqueous
phase in the cavity and creates the largest droplet. Figure 6�d� shows this trapping mode. There are
many parameters which affect the AP, such as the viscosity, the wettability of the groove wall, the
interfacial tension, flow rate, and the aspect ratio. The interface has to be moved downward into
the cavity to generate the droplet.

As noted earlier, in order to investigate the effects of viscosity, we used four kinds of oils with
different viscosities. We also measured the surface tension between the aqueous phase and the oils
by using a spinning drop tensiometer �SITE 100, KRUSS Co., Ltd.�. The measured interfacial
tensions are 41.8, 14.0, 15.6, and 15.7 mN/m for the interfaces between aqueous phases and
Fluorinert FC-3283 �1.4 cP�, silicone oil �20 cP�, silicone oil �50 cP�, and commercial olive oil
�84 cP�, respectively.

Figure 7 shows how the groove pitch and the flow rate affect the diameter of droplets isolated
in the cavities for the three oil phase fluids with different viscosities. The sequential images in Fig.
7 depict the main droplet generation process without any partial droplets for all three cases. These
experiments confirm that optimal conditions of the pitch and flow rate exist for the stable genera-
tion of large droplets. The pitch of the grooves and the flow rate �velocity� affect the size of the
recirculating zone in the cavities and, hence, the droplet diameter. In our experiments, the diameter
of the isolated droplets ranges from around 10 to 50 �m, depending on the oil phase flow rate and
the pitch of the groove. For every case, as shown in Fig. 7, we can observe the stable generation
of the largest droplets in the cavities when the pitch of the grooves is 110 �m and the flow rate
is 10 �l /min. When the pitch is higher or lower than 110 �m at a flow rate of 10 �l /min, the
droplet size decreases and a daughter droplet is generated. At a pitch of 110 �m, the droplet size
decreases or a daughter droplet is generated when the flow rate is larger or smaller than

FIG. 6. Various types of droplet generation mode: �a� filling cavity mode �no droplet generation�, �b� main droplet mode,
�c� main and daughter droplet mode, and �d� trapping mode �droplet generation due to surface tension�.
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10 �l /min. This behavior means that droplets can be optimally formed when the flow rate and the
pitch size are well matched. Interestingly, under the optimal conditions, uniform droplets can be
generated without daughter droplets in the cavities. Occasionally, as shown in Fig. 7�c�, there is a
partial droplet in one of the cavities even under the optimal conditions. As we mentioned, the
movement of the contact line along the groove wall determines the mode of forming droplets. If
there are defects on the PDMS groove wall such as surface roughness uniformity and wettability,
the contact line moves unstably at any local cavity in the grooved microchannel. We counted the
number of partial droplet formation under the optimal condition. For the case of 110 �m pitch,
the probability of the partial droplet formation is around 4%. It means that four partial droplets
statistically appear in 100 cavities.

Figure 8 describes the pattern of droplet generation according to the flow rate when the pitch
is 110 �m and the flow rate is varied from 5 to 15 �l /min. If the flow rate is high �15 �l /min�,

FIG. 7. Effects of groove pitch and flow rate on droplet diameter: �a� aqueous phase and olive oil �84 cP�, �b� aqueous
phase and silicone oil �50 cP�, and �c� aqueous phase and silicone oil �20 cP�.

FIG. 8. Sequential images of droplet generation according to flow rate: �a� 5 �l /min, �b� 10 �l /min, and �c� 15 �l /min.
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the interface between the two immiscible liquid phases passes too quickly through the cavity to
generate stable droplets. The interface contacts the middle of the bottom surface in the cavity,
which means that the AP exists in this location. Therefore, daughter droplets can be generated in
the right corner due to the confined aqueous phase. Similarly, when the flow rate is slower
�5 �l /min�, as shown in Fig. 8�a�, daughter droplets are generated in the right corner of the
cavities because the AP is located in the middle of the bottom surface. Figure 8�a� shows that
when the interface makes contact with the top surface of the left groove, the interface also makes
contact with the bottom wall due to a low flow rate and does so before the interface contact line
on the vertical wall moves down to the bottom wall. Therefore, daughter droplets can be generated
due to the isolation of the aqueous phase in the right corner. Figure 8�b� is a good example of
optimal droplet generation due to simultaneous contact of the interface on the top of the left
groove and on the right corner of the cavity. Accordingly, the motion of the two-phase interface on
the wall is important for determining the formation of daughter droplets. If the two-phase interface
makes contacts earlier or later, the main droplet is formed in the forward corner of the cavity and
the daughter droplet is formed in the backward corner of the cavity. Note also that the contact-line
movement on the wall is strongly related to the difference of viscosity and the surface tension
between the oil and aqueous phases.

Figure 9 shows how the pitch affects the droplet size and the generation mode at a flow rate
of 5 �l /min, which is not the optimal condition for generating the stable droplet. In this experi-
ment, the groove pitch is varied from 80 to 140 �m. When the oil phase moves from right to left
within a cavity, the two-phase interface touches two points: one at the top of the left groove and
one at any point on the bottom surface. As the groove pitch increases, contact is delayed and a
small main droplet is consequently generated �Fig. 7�; this situation corresponds to the case of a
slow flow rate. Therefore, a daughter droplet is generated in the right corner of the cavity. For the
optimal condition of the droplet generation, the pitch should match with the flow rate. Hence, for
the generation of uniform droplets without any daughter droplets, consideration must be given to
the synchronization of the contact on the top of the forward groove and that on the bottom of the
cavity.

Figure 10 shows the droplet formation time required to generate the type of left-corner spheri-
cal droplet shown in Figs. 8 and 9. It also shows the escape time, which refers to the time taken
for the droplet to move out of the cavity. As the flow rate is increased, the droplet is generated at
a faster rate. We expect this technique to serve as a platform for droplet-based reaction systems,
particularly with regard to the monitoring of cell behavior, in vitro expression, and possibly even
micropolymerase chain reaction chambers.

From the experimental observations, we suppose that there are four key factors of droplet
generation: movement of the interface between the oil and aqueous phases into the cavity along
the walls, which is related to the viscosity of the oil phase; the velocity of the interface across the
cavity; the surface tension between two liquids; and the aspect ratio of the cavity. We attempted to

FIG. 9. Sequential images of droplet generation according to pitch with flow rate of 5 �l /min: �a� 100 �m, �b� 110 �m,
and �c� 120 �m.
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suggest a dimensionless number for this droplet generation mechanism in a grooved microchannel.
The capillary number may be a key factor in determining the interface movement and droplet
formation behavior. The capillary number is defined as

Ca =
�U

�
, �1�

where � is the viscosity of the continuous phase, U is the velocity of the continuous phase, and �
is the surface tension of the interface. Above a certain capillary number, a droplet break-off
occurs.2 The critical capillary number depends on system parameters such as the geometry and
properties of the fluid. Interestingly, for every viscosity liquid, the single droplets are formed at
conditions of 110 �m pitch, 10 �l /min flow rate, and 45 �m height of the groove, which are
considered as the optimal conditions.

Figure 11 shows the droplet size according to the capillary number for the silicone oil �20 cP�
and water case. If we consider only the optimal condition for generating stably the droplet �pitch
of 100 and 110 �m�, it notes that the droplet diameter increases according to the capillary
number. However, there is a critical capillary number for generating the stable single droplet,
which ranges from 0.06 to 0.08. In other cases, the diameter varies randomly and the daughter
droplets are generated. One notes that viscosity and surface tension play a role similar to a
threshold for the generation of a droplet. Depending on the viscosity of the oil, the contact line on
the groove wall should continue moving along the wall and descend to the bottom of the cavity,
confining the aqueous phase in the cavity. In addition, the surface tension of the interface is related
to the formation of a spherical droplet at the corner in the cavity. Once a droplet can be generated,
the optimal conditions for stable droplet generation are directly related to the velocity of the
interface and the geometry of the cavity. Of the four key factors noted earlier, the velocity of the
interface and the aspect ratio of the cavity also appear to be significant factors for establishing the
optimal conditions for generating the droplet.

FIG. 10. Effects of flow rate and groove pitch on droplet formation time and escape time.
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IV. CONCLUSION

We have presented a new method of generating droplets stored in microfluidic cavity struc-
tures. First we designed and fabricated PDMS microchannels with various grooves on the walls.
To investigate wetting and nonwetting transition in relation to the geometrical shape of the
grooves, we studied the effects of the flow rate and the pitch between the grooves. We propose
three mechanisms for the droplet generation: the contact line on the groove wall should continue
moving along the wall and descend to the bottom of the cavity, confining the aqueous phase in the
cavity; once the interface between the oil and aqueous phases moves into a cavity, the interface
should contact the top of the neighboring groove; and a spherical droplet forms at the corner due
to surface tension. The viscosity of the oil phase and the surface tension of the interface determine
whether the droplet can be generated. In addition, the velocity of the interface and the aspect ratio
of the cavity appear to be significant factors in establishing optimal conditions for generating the
largest droplet.
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